cate that these molecules also function in early growth responses to sarcomere dysfunction.
Myocardial fibrosis is characteristic of advanced HCM pathology and contributes to impaired cardiac relaxation, heart failure, arrhythmias, and sudden death (20, 21) . The increased expression of Tgfb1 (transforming growth factor-b1), Ctgf (connective tissue growth factor) and Postn (periostin), potent regulators of fibrosis and collagen deposition (22) (23) (24) , in prehypertrophic ventricles indicates early activation of this pathway, which raises the possibility that fibrosis is not an advanced secondary phenomenon, but a primary contributor to myocardial dysfunction.
Impaired relaxation is the fundamental physiologic abnormality in HCM (25) . Cardiac relaxation and contraction reflects Ca ++ cycling between the sarcoplasmic reticulum and the sarcomere in cardiomyocytes. Ca ++ uptake into the sarcoplasmic reticulum occurs via sarcoplasmic reticulum Ca ++ transport adenosine triphosphatase (ATPase) (SERCA2a/Atp2a2), which is regulated by phospholamban (Pln) and sarcolipin (Sln) (26) . Transcripts encoding each of these proteins were significantly decreased in prehypertrophic hearts ( fig. S11 ), which may directly account for the early impairment in cardiac relaxation previously observed in this model (27) . Downregulation of Abcc9 [adenosine triphosphate (ATP)-binding cassette subfamily C member 9), which encodes SUR2, suggested another mechanism for Ca ++ imbalance in prehypertrophic hearts. SUR2 is the ATPase-regulatory subunit of the inwardly rectifying cardiac K ATP channel, which balances Ca ++ homeostasis with energetic demands (28); Abcc9-null mice develop arrhythmias and myocardial calcium overload (29) .
Notably, PMAGE also revealed significant (P < 0.01) differences in the expression of genes encoding 29 transcription factors between wildtype and prehypertrophic aMHC 403/+ hearts (table S3) . The biologic processes evoked by these molecules are likely to be considerable. By interrogating the temporal and spatial expression of these transcription factors, we can potentially dissect the networks activated in this cardiomyopathy, which, in turn, should help identify new molecular targets for therapeutic intervention.
In summary, PMAGE profiling provided reproducible, large-scale transcript identification, with sequence accuracy comparable to SAGE, and greater sensitivity for quantification of rare transcripts. We estimate that sampling~2 million tags provides comprehensive assessment of most mRNAs (fig. S9) ; nevertheless, the current PMAGE platform has the capacity to read more than 4 million tags per experiment. Thus, PMAGE can be used for very deep sampling of one library or analyses of multiple libraries simultaneously by adapting polony beads that contain unique sequence identifiers. PMAGE offers several advantages over other currently available transcription profiling methods at a potentially lower cost ( fig. S12 ). We anticipate that PMAGE studies will help further define mRNA regulatory networks that orchestrate critical cellular processes in healthy and diseased tissues.
Supporting Online Material www.sciencemag.org/cgi/content/full/316/5830/1481/DC1 Materials and Methods Figs. S1 to S12 Tables S1 to S3 References 1 Thomas R. Gingeras 1 * Significant fractions of eukaryotic genomes give rise to RNA, much of which is unannotated and has reduced protein-coding potential. The genomic origins and the associations of human nuclear and cytosolic polyadenylated RNAs longer than 200 nucleotides (nt) and whole-cell RNAs less than 200 nt were investigated in this genome-wide study. Subcellular addresses for nucleotides present in detected RNAs were assigned, and their potential processing into short RNAs was investigated. Taken together, these observations suggest a novel role for some unannotated RNAs as primary transcripts for the production of short RNAs. Three potentially functional classes of RNAs have been identified, two of which are syntenically conserved and correlate with the expression state of protein-coding genes. These data support a highly interleaved organization of the human transcriptome.
A large fraction of the noncoding part of a eukaryotic genome is used to make RNA that is sufficiently stable in a cell to be detected by different technological approaches (1) (2) (3) (4) . The biological significance of this pervasive transcription is unclear and controversial. One possibility is that only very short regions of such unannotated RNA are biologically relevant (5) . In-depth characterization of RNAs as to their subcellular compartmentalization, size, modifications, and genomic origins can potentially provide clues to their functions. This study reports two general observations derived from the maps of nuclear and cytosolic polyadenylated [poly(A) + ] RNAs longer than 200 nucleotides (nt) (long RNAs, lRNAs) and whole-cell RNAs less than 200 nt (short RNAs, sRNAs) over the entire nonrepetitive portion of the human ge-nome. First, the potential biological function of an appreciable portion of long unannotated transcripts is to serve as precursors for sRNAs. Second, these maps reveal three classes of RNAs that have specific genomic localization at gene boundaries. Biological relevance of these classes of RNAs is supported by strong correlation with the expression state of genes they associate with, as well as their syntenic conservation between human and mouse.
The complexity of steady-state RNA populations was profiled by using tiling arrays at 5-nt resolution to detect transcribed regions in the human genome (6, 7) . Overall, we found the extent and general properties of the lRNA portion of the human transcriptome to be similar to our earlier study (7) . Patterns of annotated and unannotated transcription were similar among cell lines and within subcellular compartments (fig. S1, A to J, and table S2, A and B). About 64% of detected poly(A) + transcription (nucleus and cytosol) did not align with annotations ( fig. S1N ) (7) . Of the 265,237 annotated exons, 80% were expressed in at least one cell line ( fig. S2 ).
A total of 1.1% of the interrogated genome is covered by transcribed fragments (transfrags) representing sRNAs (summarized in table S1 and S2C, figs. S3 and S4). sRNA transfrags have a nonrandom association with genomic features, including EvoFold structure predictions (figs. S5 and S7 and table S1B). In addition, a tendency for some to map antisense to splice junctions was also found. sRNAs were found in intronic, intergenic, and annotated regions ( fig. S4 ). Unannotated sRNAs were verified by Northern blots (table S3 and fig. S6 ) and real-time reverse transcription polymerase chain reaction (table S3) , with an overall verification rate of~70% (7).
Maps of sRNAs and lRNAs from different subcellular compartments can be further used to provide a virtual "genealogy" describing origins of particular classes of RNAs ( Fig. 1 and table  S4 ). A total of 12.7% of all interrogated nucleotides can be detected as composing lRNAs or sRNAs in HeLa or HepG2 cell lines. One-third of this total (33.2%) is exclusively observed in the nucleus as lRNAs and overlapping sRNAs (Fig. 1A) . Another 15.1% is exclusively found as cytosolic lRNAs and overlapping sRNAs. A total of 46.3% of the sequences detected are found in both the nucleus and cytosol (Fig. 1A) . Finally, 5.3% of the nucleotides were detected in sRNA transfrags exclusively.
The origin of 79.6% of all transcribed bases can be mapped back to the nucleus as lRNAs with 15.1% found only in cytosol (Fig. 1B) . About 41.8% of the sequences seem to remain exclusively in the nucleus; the remainder is transported into the cytosol. Furthermore, 3.1% of the exclusively nuclear lRNA sequences and 6.6% of the nuclear sequences transported into the cytosol overlap sRNA sequences, which suggests that 40% of the latter may be processed from long nuclear transcripts (Fig. 1B and table S4 ).
About one-fifth of sRNAs transfrags, 20.9% (HepG2) and 18.4% (HeLa), were identified as evolutionarily conserved. The PhastCons scores (7) associated with sRNAs are significantly enriched in conserved sequences (P value 2.2 × 10
, Wilcoxon nonparametric test) over random ( fig. S8, A and B) , which points to the possible biological relevance of these transcripts ( Fig. 2A) . There is also a statistically significant concordance (P < 0.01, permutation test) observed between the locations of sRNA and nuclear lRNA transfrags. A total of 13% (HepG2)
Such an association is potentially confounded by the elevated G-C composition of these regions (7). To explore this further, we divided the transfrags obtained from nuclear lRNA into those that do and do not overlap sRNA transfrags (Fig. 2B) . Mean PhastCons scores for the lRNA transfrags that do overlap with sRNAs are significantly higher than such of the transfrags that do not (Fig. 2C and table S5 ). For lRNA transfrags overlapping sRNAs, a total of 23.9% (HepG2) and 26.2% (HeLa) exhibit PhastCons scores equivalent or higher than the average score observed for annotations (Fig. 2D) . The conservation of the nuclear lRNA transfrags often extends beyond a sRNA transfrag it overlaps (Fig. 2B) , indicating that other sequences outside of the overlapping regions may be important, reminiscent of the extended conservation seen in the miRNA precursors (8) .
Taken together, these data suggest a possible product-precursor relation between overlapping transfrags derived from lRNAs and sRNAs, underscored by the enrichment of evolutionarily conserved sequences in genomic regions found transcribed in both lRNAs and sRNAs. Conservatively, 3.1% of HepG2 and 2.4% of HeLa nuclear lRNA transfrags may be parts of precursors of sRNAs. The full extent of transcription, which may serve as precursors of sRNA, could, however, be much larger, because lRNA transfrags that directly overlap sRNAs are almost certainly connected to other transfrags in a precursor transcript. Thus, any given lRNA transfrag can be an order of magnitude smaller than the lRNA transcript it represents. . S8C ) indicate that sRNAs cluster at the 5′ and 3′ of genes (Fig. 3) . We denote these classes of sRNAs "promoter-associated sRNAs" (PASRs) and "termini-associated sRNAs" (TASRs). The occurrence of sRNAs centers around 5′ or 3′ termini and is statistically significant compared with G-C-matched random regions (Fig. 3, B and C, and table S1). Northern hybridization analysis revealed that PASRs and TASRs can vary in length (22 to 200 nt), with one prominent class of PASRs with lengths of 26, 38, and 50 nt (Fig. 3, B and C, and figs. S9 and S12 and tables S6 and S7). PASRs were expressed at levels similar to those of the proteincoding genes they overlap (7) .
Several characteristics of both PASRs and TASRs support the biological significance of these sRNAs. As explained below, gene expression correlates with the density of PASRs, and PASRs associate with other lRNAs at the 5′ boundaries of genes. Also, expressed PASRs are syntenic with mouse.
The correlation of gene expression with the density of PASRs (Fig. 3D ) is similar to a trend seen for antisense TASRs (fig. S10, A and B) . Overall, 44.6 and 43.8% of genes found to be expressed in cytosol or nucleus have PASR association. Another 11.8 and 18.1% of genes had signal only in the first exon in cytosolic or nuclear RNAs, respectively. Almost half of those are observed to have PASRs ( fig. S10, C and D) . Conversely, for~80% of silent genes (<10% of exons detected), no PASRs were observed.
A third class of RNAs is the long transcripts that overlap 5′ boundaries of protein-coding genes but do not include most of the other exons. This is exemplified by genes that show signal only in their first exons (Fig. 3A) . To characterize these promoter-associated lRNAs (PALRs), we performed 5′ and 3′ RACE analysis (rapid amplification of cDNA ends) followed by hybridization to tiling arrays ( fig. S11) . These experiments revealed that transcripts overlapping the promoter and the first exon and intron regions, ranging in length from hundreds of base pairs to more than 1 kb, are made and map to the same genomic regions as PASRs.
We constructed sRNA maps in two syntenic regions of the human and mouse genomes (IL4R cytokine cluster and four Hox loci) using mouse STO and R1 and human HepG2 and HeLa cell lines (7) . Both species-specific and conserved PASRs and TASRs were found, with~39% of PASR sequences and 35% of TASR sequences mapping into syntenically conserved regions (Fig. 4A) . Genomic regions shared by the PASR (HMSY19) at the 5′ boundaries of the Hox D9 and the TASR (HMSY5) in the 3′ termini of HoxD10 genes of both species are illustrated in Fig 4. The sizes of PASRs and TASRs are similar for mouse and human cell lines ( fig. S13 and  table S8 ).
We have found that~10% of detected transcription is present in sRNA sequences (ranging from 22 to 200 nt in length). The distribution of these sRNAs is not uniform across the genome, because sRNAs are more frequent among genes than in intergenic regions. Further- more, sRNA transfrags overlap a collection of lRNA transfrags that are significantly enriched in conserved sequences. Taken together, these data suggest that these lRNA transfrags potentially represent parts of nuclear primary transcripts that encode conserved functional sRNAs.
Several other observations are also derived from these mapping data. First, an appreciable fraction of protein-coding genes have expression only in the first exon and intron. This suggests that transcription may have two different states that are characterized by the lengths of transcripts made from the transcriptional start site of gene locus. Second, the fate of the transcripts derived from a particular detected transcribed region could be predicted on the basis of their retention in the nucleus, transport into cytosol, or processing into sRNAs. Overall, these RNA maps provide a virtual genealogy of RNAs (Fig. 1B) . Third, PASRs often align within the boundaries of some of the PALRs. The genomic loci and boundaries of PASRs appear to be well conserved in two human cell lines and, in some cases, between mouse and human cells; this may indicate that there could be common processing signals used to create them. Fourth, the ends of almost half of human proteincoding genes were found to be bracketed by PASRs and TASRs. Given that large regions (i.e., >1 kb) are contained in the sequences covered by the sRNAs, the functional roles of these sRNAs may involve broad domains consistent with involvement in chromatin alterations.
Other recent studies also report the presence of multiple transcripts at the 5′ boundaries of genes (9) , including unstable lRNAs postulated to be involved in regulation of gene expression (10, 11) . Thus, these results suggest a model of genome organization where protein-coding genes are at the center of a complex network of overlapping sense and antisense lRNA transcription, with interleaved sRNAs often marking their boundaries and correlating with their expression state ( fig. S14 ). Our studies also highlight a possible important biological function for a portion of unannotated nuclear transcription as possible precursors for sRNAs. Such interleaved transcription produces a variety of non-protein coding sRNA and lRNA species that offer cis-and trans-regulatory potential (12) (13) (14) . C oronary heart disease (CHD) is the single greatest cause of death worldwide (1, 2) . Although CHD is highly heritable, the DNA sequence variations that confer cardiovascular risk remain largely unknown. To identify sequence variants associated with CHD, we undertook a genome-wide association study using 100,000 single-nucleotide polymorphisms (SNPs). To minimize false positive associations without unduly sacrificing statistical power, we designed the study to comprise three sequential case-control comparisons performed at a nominal significance threshold of P < 0.025 (Fig. 1) . For the initial genome-wide scan, cases and controls were Caucasian men and women from Ottawa, Canada who participated in the Ottawa Heart Study (OHS). Cases had severe, premature CHD with a documented onset before the age of 60 years and culminating in coronary artery revascularization (table S1). To limit confounding by factors that strongly predispose to premature CHD, we excluded individuals with diabetes or plasma cholesterol levels consistent with mono- 
